Teneurins (TENs) are cell-surface adhesion proteins with critical roles in tissue development and axon guidance. Here, we report the 3.1-Å cryoelectron microscopy structure of the human TEN2 extracellular region (ECR), revealing a striking similarity to bacterial Tc-toxins. The ECR includes a large b barrel that partially encapsulates a C-terminal domain, which emerges to the solvent through an opening in the mid-barrel region. An immunoglobulin (Ig)-like domain seals the bottom of the barrel while a b propeller is attached in a perpendicular orientation. We further show that an alternatively spliced region within the b propeller acts as a switch to regulate transcellular adhesion of TEN2 to latrophilin (LPHN), a transmembrane receptor known to mediate critical functions in the central nervous system. One splice variant activates trans-cellular signaling in a LPHNdependent manner, whereas the other induces inhibitory postsynaptic differentiation. These results highlight the unusual structural organization of TENs giving rise to their multifarious functions.
INTRODUCTION
Teneurins (TENs) are evolutionarily conserved cell-adhesion molecules that play a central role in embryogenesis, axon guidance, and synapse formation (Leamey and Sawatari, 2014; Tucker and Chiquet-Ehrismann, 2006) . Mammals contain four TEN genes that are broadly expressed during embryonic development and most abundantly synthesized in the brain at later developmental and adult stages. TENs are unusual because they are large type-II transmembrane proteins (>2,000 amino acids) that lack the requisite domains generally observed in cell-adhesion molecules, such as classical immunoglobulin (Ig), cadherin, LNS (laminin-a, neurexin, and sex hormone-binding globulin), or integrin domains. Even though these proteins are highly conserved with a homolog observed even in unicellular choanoflagellates (Tucker et al., 2012) , sequence analyses of TENs have been relatively uninformative because most of their extracellular regions (ECRs) do not exhibit readily identifiable domains.
Consistent with an ancient origin, TENs have multiple essential functions in animals. During embryogenesis, TENs are expressed in distinct overlapping patterns in different developing tissues. Detailed genetic analysis revealed that in mice, TEN4 is essential for gastrulation and the epithelial to mesenchymal transition (Lossie et al., 2005; Nakamura et al., 2013) . Although similar analyses are lacking for other TENs, it is likely that they also have an important role in embryogenesis given their widespread expression (Ben-Zur et al., 2000; Zhou et al., 2003) . In C. elegans, the single TEN homolog Ten-1 is essential for the correct formation of basement membranes in a variety of tissues, including the gonads (Trzebiatowska et al., 2008) . In human patients, heterozygous TEN mutations predispose to an array of developmental impairments, again illustrating their broad range of functions (Aldahmesh et al., 2012; Alkelai et al., 2016; Hor et al., 2015) .
The roles of TENs in the brain have been studied more extensively than their roles in embryonic development. Overwhelming evidence suggests that during brain development, TENs perform an essential function in guiding axons to the correct targets both in C. elegans (Drabikowski et al., 2005) and in mice (Dharmaratne et al., 2012; Leamey et al., 2007; Young et al., 2013) . Furthermore, TENs have been implicated in synapse formation, a role that has received the most attention despite the indirect nature of the evidence. Arguably, the best support for a role of TENs in synaptogenesis derives from its strong binding to latrophilins (LPHNs), adhesion G-protein-coupled receptors that are localized in synapses (Anderson et al., 2017; Boucard et al., 2014; Silva et al., 2011) . Given that TENs are also localized to synapses and at least LPHN2 has been shown to be essential for hippocampal synapse formation (Anderson et al., 2017) , a role for the heterophilic TEN-LPHN complex in synapse formation is plausible. Experiments in Drosophila using primarily teneurin overexpression support such a role (Hong et al., 2012; Mosca et al., 2012) , although in those studies, TENs were proposed to act as homophilic adhesion molecules. Given their co-expression patterns, it is possible that the interaction of TENs with LPHNs also mediates their respective functions during embryonic development, but the role of this interaction in embryonic development has not been studied. Interestingly, TENs are processed by multiple proteolytic events that may release multiple soluble fragments, including a short C-terminal fragment that stimulates neurons by an unknown mechanism (Vysokov et al., 2016; Wang et al., 2005) . These proteolytic events may convert TEN cell-adhesion molecules into diffusible signals, which could act during axonal pathfinding.
Despite their central importance in multiple physiological roles, the lack of information on the structure of TENs is one of the limiting factors in delineating their mechanisms of action. Here, we report the 3.1-Å cryo-electron microscopy (cryo-EM) structure of the large ECR of human TEN2 (Figure 1) . The ECR has an unusual architecture whereby a large cylindrical b barrel with clear similarity to bacterial Tc-toxins partially encapsulates a C-terminal toxin-like domain that emerges from the barrel and is tethered to its outer surface. We demonstrate that the tethered C-terminal domain mediates interactions with LPHN and that these interactions activate trans signaling by controlling intracellular cylic AMP (cAMP) levels. In addition, we show that a splice variant of TEN2, which involves a 7-amino-acid extension in a b propeller domain region, is incapable of mediating interactions with LPHN and instead induces inhibitory postsynaptic specifications through interactions with alternative synaptic partners. These results reveal that TEN2, and by extension other TENs, forms highly unusual structures consistent with biological activities spanning a range of function.
RESULTS

TENs Have Striking Similarity to Bacterial Toxins
TENs form constitutive cis-dimers via highly conserved disulfide bonds formed between their ECRs in close proximity to the transmembrane pass (Feng et al., 2002; Oohashi et al., 1999; Vysokov et al., 2016) . Examination of the purified human TEN2 ECR (residues 456-2,648; Figure 1A ) by negative stain electron microscopy showed cis-dimerizaton with two large globular domains extended by thin flexible linkers that are tied together through a stalk-like region at their end ( Figures 1B and S1A) . Deletion of the stalk-like region from this construct yielded a soluble monomeric protein with a molecular mass of 215 kDa that was suitable for high-resolution structural studies (TEN2 ECRD1, encoding residues 727-2,648; Figures 1A, 1C , and S1).
We obtained a three-dimensional map of monomeric TEN2 ECRD1 by single-particle cryo-EM at a nominal resolution of 3.1 Å , thereby facilitating a near-atomic resolution model of the protein ( Figures 1D-1G , S1, S2, and S3; Table S1 ). The TEN2 ECR is assembled as a large cylindrical barrel composed of a spiral of b hairpins and sealed at both ends (domain 4, 1, 348; . The bottom of the barrel is capped with an Ig-like domain (domain 2, 114; Figures 1D and 1F) that extends to the inner barrel cavity (Figure S4) , while a flexible six-bladed b propeller domain is attached perpendicularly to the barrel bottom (domain 3, 1, 454; Figures 1D, 1F, S2, and S4) . The C-terminal part of the protein is partially encapsulated within the barrel and emerges to the solvent through an opening in the mid-barrel region (domain 5, 2, 648; Figures 1G and S4) . The external part of the C-terminal region adopts a stable fold and is anchored to the barrel outer surface via electrostatic interactions ( Figures 1D, 1G , and S5A).
The fold of TEN2 described here has not been encountered in any eukaryotic protein. However, despite a limited proteinsequence identity (12%), the TEN2 b barrel has a striking structural similarity with the BC-components of bacterial Tc-toxins (Busby et al., 2013; Meusch et al., 2014) (Figure 2 ; Table S2 ). Tc-toxins are tripartite complexes composed of A, B, and C protein components that are individually secreted from bacteria and assemble into a megadalton-sized complex outside the producing cell (Busby et al., 2013; Landsberg et al., 2011; Meusch et al., 2014) . The B and C components of Tc-toxins compose a large macromolecular barrel that encapsulates the covalently attached C-terminal toxic domain (Figure 2A ), thereby serving as an immunity cap that shields the producing strain from being exposed to the toxin during production. As opposed to bacteria, the C-terminal region of TEN2 is only partially encapsulated within the barrel ( Figures 1G and S4 ). This difference might explain the larger dimensions of bacterial toxins designed to fully encapsulate C-terminal domains of $200 residues, compared to TEN2 that only accommodates 86 out of $300 residues of the C-terminal region ( Figures 1G and 2A ). The C-component of Tc-toxins acts as an aspartyl protease and is capable of autoproteolytic processing of the toxic domain that will be later released into the host cell. Sequence alignment of TENs with the catalytic pocket region of bacterial toxins revealed a high level of conservation ( Figure 2C ), with all catalytic residues present in all TENs apart from the present TEN2 variant, which carries a single aspartic acid to glycine alteration (D2345G) within catalytic residues (V1, Figure 2C ). It thus appears that TEN2 holds a dormant catalytic pocket that may be active in other TENs. Structural comparison between the dormant pocket in TEN2 and the active catalytic pocket in bacterial toxins ( Figures 2D-2F ) further indicates that two conserved residues that were shown to mediate the catalytic activity in toxins (R2302 and D2315) are similarly oriented in both structures. However, the glycine residue in TEN2 is pulled away from the catalytic pocket, mainly due to several contacts of the encapsulated domain with the barrel inner cavity as well as with the Ig-like domain extension penetrating into the barrel ( Figures 2E-2F , S5B, and S5C). These observations suggest that, even in the presence of a full aspartic acid protease dyad, a major conformational change would have to take place in TENs in order to stimulate catalytic activity.
In addition to the barrel, the six-bladed b propeller is similar to the TcA-binding domain in bacterial component B, while the Ig-like domain is structurally similar to the receptor-binding domains that compose the Tc-toxin A-component (Figures  2G-2H; Table S2 ). In the toxin system, the TcA-binding domain (b propeller) plugs the bottom of the barrel and is proposed to serve as a pH-triggered gate that opens to allow the fully processed toxin through a syringe-like component into the host cell ( Figure 2G ). In TEN2, the b propeller is attached to the barrel in a perpendicular orientation, and instead the barrel bottom is (A) Domain composition of TEN2 and constructs used in the present study. Extracellular domains are colored gray, yellow, green, blue, and magenta for domains 1-5, respectively; transmembrane region (TM) in gold. Domain numbers and descriptions are indicated in black above scheme. Domain borders are indicated below. (B and C) Representative negative-stain EM micrographs of TEN2 ECR (B) and ECRD1 (C) indicating dimerization through the ECR domain 1 (B). Scale bar, 20 nm. Close up views of selected dimers (1-3) are indicated to the right with domain 1 dimerization pointed with yellow arrow. ECRD1 is of monomeric nature (C) . (D-F) Model overview of monomeric TEN2 as obtained from cryo-EM analysis of ECRD1. The structure reveals that the TEN ECR is folded as a barrel-shaped container (domain 4, YD-repeats, blue) assembled of b hairpins, which is sealed in both ends (E and F) . A spiral domain is sealing the barrel top (E). An Ig-like domain (domain 2, yellow) seals the barrel bottom (F). A b propeller domain (domain 3, green) decorates the bottom of the barrel in a perpendicular orientation (D and F) . (G) A toxin-like domain (domain 5, magenta) is partially encapsulated within the barrel and further stretches outside the barrel through a side opening. An exploded view of domains architecture is given in Figure S4 .
sealed with an Ig-like domain ( Figures 2G and 2H ). The receptorbinding domains in TcA are Ig-like domains that decorate the A-component and are thought to mediate the binding of the fully assembled complex to cell-surface receptors on host cells (Figure 2H) . Considering the role of these components in mediating binding of bacterial toxins to cell-surface receptors, it is likely that these domains play similar roles in TENs and mediate interactions with partner receptors.
The TEN2 Toxin-like Region Resembles Hormone and Neuropeptide Precursors
The structural homology of TEN2 with bacterial toxins implies that through evolution, eukaryotes adopted toxin structural elements to fulfill new roles in these organisms. One of the most peculiar features in TENs is the partially encapsulated C-terminal region that emerges out of the barrel and is thus partially exposed to the extracellular environment. Comparison of this domain with common bacterial toxins did not indicate any significant sequence homology. One exception is the Geobacillus virus E2 endonuclease precursor GVE2-HNH (PDB: 5H0M, 15% sequence identity) (Zhang et al., 2012) , which encodes a protein with DNase activity ( Figure S5 ; Table S2 ) and is structurally similar to the C-terminal region that lies outside the TEN barrel ( Figure S5 ). Sequence alignment with enzymes with known DNase activity shows that TEN2 lacks two out of the three conserved HNH catalytic residues that are considered to mediate DNA cleavage ( Figure S5 ). Thus, the TEN C-terminal region is not expected to serve as a DNase, even though the possibility that it binds DNA cannot be excluded at this point.
A 41-amino-acid C-terminally amidated peptide that corresponds to the TEN1 C-terminal sequence in mice brain, termed ''teneurin C-terminal associated peptide 1'' (TCAP1), has been shown to share conserved elements with neuropeptides and corticotrophin releasing factor (CRF) (Figure 3) (Lovejoy et al., 2006; Lovejoy and de Lannoy, 2013) . CRF, also a 41-aminoacid-long peptide that is amidated at the C terminus, is produced from a hormone precursor through sequential cleavage by protein proteases. Comparison of the CRF precursor and the C-terminal toxin-like region of TEN2 (Figure 3 ) reveals the presence of elements that are highly conserved in pre-pro-hormones and neuropeptide precursors; these include sequential pairs of basic residues (KK, KR, RR, or RK) known to be sensitive to proteolytic cleavage by peptidases, a highly conserved RXRR furin cleavage site, and two C-terminal basic residues that are prone to processing by carboxy-peptidases. In addition, similar to CRF, the TCAP sequence is flanked by a cleavable basic residue at the N terminus and an amidation motif at the carboxy terminus. Similar motifs are also found in the TCAP of other TENs (Figure 3E) . These shared elements imply that, like CRF, the C terminus of TENs may be post-translationally processed into TCAP as a putative bioactive neuromodulator. In support of this role, TCAP1 injection in mice was found to induce a relatively broad spectrum of neuromodulatory effects that were mostly related to behavior and stress (Al Chawaf et al., 2007; Erb et al., 2014; Lovejoy et al., 2006; Lovejoy and de Lannoy, 2013; Tan et al., 2011; Wang et al., 2005) . Our results, however, show that the non-cleaved TCAP structure diverges structurally from CRF and other related neuropeptides ( Figure 3D ), raising the possibility that upon cleavage and processing, TCAP may undergo major structural transitions.
The Toxin-like Region of TEN2 Binds to LPHNs and Regulates cAMP in Neighboring Cells Recent studies have shown that TENs are involved in heterotypic interactions with different protein partners to mediate multifaceted physiological roles (Leamey and Sawatari, 2014; Sü dhof, 2017; Woelfle et al., 2016) One of the main interaction partners are LPHNs (LPHN1-3), a family of adhesion G-protein coupled receptors (GPCRs) that form high-affinity trans-cellular adhesion complexes with TENs and have roles in embryogenesis, tissue polarity, and synapse development (Anderson et al., 2017; Boucard et al., 2014; Hamann et al., 2015; Silva et al., 2011) . The TEN/LPHN interaction is mediated by the lectin (LEC) and olfactomedin (OLF) domains of the LPHN ECR ( Figures 4A and 4B) , with the LEC domain contributing most of the binding affinity (Boucard et al., 2014; O'Sullivan et al., 2014) . To characterize the TEN domains involved in LEC interactions, we assessed the binding of the soluble biotinylated LEC domain of LPHN1 or LPHN3 to mammalian cells overexpressing TEN2 variants by flow cytometry (Figures 4C and S6 ). As expected, cells overexpressing full-length (FL)-TEN2 showed strong binding to biotinylated LEC, whereas control cells that were transfected with an empty vector (EV) did not. Two truncated TEN2 constructs where either the C terminus of the toxin-like region or both the toxin-like region and the b barrel were removed (DTox and D4,5, respectively), did not bind LEC ( Figure 4C ). In contrast, the binding affinity was not affected by mutating the unpaired cysteine residues in the epidermal growth factor (EGF) repeats to eliminate cis-dimer formation (Cis, Figure S6 ). These results suggest that the soluble LEC domain interacts with the TEN2 toxin-like region regardless of TEN2 cis-dimerization. The findings are also supported by an earlier study showing that a soluble form of the TEN2 C-terminal region that fused to an N-terminal glutathione S-transferase (GST) tag was able to bind to cells expressing LPHN1 (Silva et al., 2011 ). (E) The potentially cleaved product in TENs shares hormone/neuropeptide precursor properties and may result in the post-translational processing of TCAP peptides. Basic residues sensitive to protease and furin cleavage are highlighted in orange, glycines that could be the target of a amidating enzymes in yellow, and TCAP in pink. V2345 in TEN2 is predicated to be cleaved by the aspartic acid protease embedded in domain 4. F2434 is the exit point of the encapsulated domain of the barrel. Although TENs and LPHNs are co-expressed and have key roles during embryogenesis, the role of the TEN/LPHN interaction in embryonic development has not been studied. LPHNs were reported to mediate embryogenesis in C. elegans by modulating intracellular cAMP levels (Winkler and Prö mel, 2016) , prompting us to test whether human TEN binding to LPHN also induces trans-cellular cAMP signaling. We established a cAMP-based signaling assay for LPHN1 or LPHN3 in mammalian cells ( Figures 4D, 4E , and S7A-S7F) and used it as a readout to monitor receptor activity. The experiments were performed in two experimental setups: cis and trans ( Figure S7 ): In the cis setup, the same cell population was co-transfected with both full-length TEN2 and full-length LPHN1 or LPHN3 in order to monitor the effect of both proteins present on the same cell (Figures 4D and S7) . Comparison of the cAMP levels in cells overexpressing LPHN to cells overexpressing both LPHN and TEN2 revealed that the presence of TEN2 causes a further decrease in cAMP levels in a LPHN-dependent manner, suggesting activation of LPHN by TEN. To mimic trans-cellular signaling, we designed the trans setup whereby a population of cells expressing TEN2 was mixed with a different population of cells that were expressing LPHN ( Figures 4E and S7 ). We then assessed the effect of TEN2 on LPHN activity in neighboring cells by monitoring the cAMP levels only from the LPHN-expressing cells. Comparison of the cAMP levels in LPHN-expressing cells mixed with empty vector-expressing or TEN2-expressing cells showed that TEN2 enhanced the LPHN-dependent cAMP decrease in neighbor cells (Figure 4E ). These results suggest that TEN2 activates LPHN and induces trans-cellular signaling by modulating cAMP levels. Synthetic TCAP has also been observed to reduce cAMP levels in immortalized neuron-like cells, but in these experiments, its dependence on LPHN was not explored (Wang et al., 2005) . However, although these experiments show that TEN binding to LPHNs stimulates trans-cellular signaling, the reduced system employed (transfected HEK293 cells) differs from a physiological environment and does not allow for conclusions about the physiological signaling mode of LPHNs.
Alternative Splicing Regulates trans-Cellular Ligand Interaction and Synapse Formation
TENs induce multiple distinct physiological activities that may not be solely mediated through their interactions with LPHNs. Accordingly, several studies have suggested that TENs engage additional ligands, including other TENs, integrins, and dystroglycans (Chand et al., 2013; Trzebiatowska et al., 2008) , even though the evidence for these associations is mostly indirect. With regard to the mechanism regulating such a diverse spectrum of activities, one suggestion is that both TENs and their matching partners are differentially expressed in tissues. Indeed, vertebrate TEN2 expression was shown to be temporally regulated Firestein, 1999a, 1999b) , while different TEN species are expressed in divergent CNS regions. Another mechanism that receives increasing experimental support is the utilization of alternate splice variants. In LPHNs, alternatively splicing of a five-residue insert located in the linker connecting the LEC and OLF domains regulates binding to TEN2 and TEN4 (Boucard et al., 2014) . TEN is also alternatively spliced with two splice variants of the TEN2 ECR identified in humans:
One variant carries a 9-amino-acid insertion in the EGF region responsible for dimerization (domain 1), while the other splice variant carries instead a 7-amino-acid insertion in the b propeller domain (domain 3; Figures 5A-5C) .
To probe the effect of alternative splicing in the TEN b propeller on TEN/ligand interactions, we conducted cellular assays with non-adherent HEK293 cells in which the full-length proteins are expressed on different cell populations, and the cells are then mixed to monitor cell aggregation (Figures 5 and S7G) . In these experiments, we examined which TEN domains are required for trans-cellular LPHN interactions and/or homotypic TEN interactions and whether these interactions are regulated by the alternative splice variants within the b propeller (domain 3; Figures 5C-5E and S7). Full-length TEN2 lacking the b propeller splice insert robustly induced trans-cellular aggregation with full-length LPHN3, while truncation of the LEC domain of LPHN3 abolished trans-cellular adhesion. Intriguingly, inclusion of the 7-aminoacid splice insert in the b propeller eliminated trans-cellular adhesion with LPHN3 for all TEN2 forms tested, even though this splice site is distant from the C-terminal domain responsible for LEC binding. Furthermore, trans-cellular aggregation with LPHN3 is prevented when TEN2 includes the b propeller splice insert or carries point mutations that abolish cis-dimerization ( Figure 5B ). We also note that none of the TEN2 forms tested exhibited homotypic trans-cellular interactions using the assay that demonstrated heterotypic cell aggregation ( Figure S7G ). These observations contrast those of the flow cytometry experiments in which the affinity of TEN2 for the soluble LEC domain was not affected by inserting the 7-residue segment or by eliminating dimerization ( Figure S6 ). We thus postulate that trans-cellular TEN2/LPHN3 interactions are regulated by b propeller alternative splicing likely due to conformational restrains in the context of full-length proteins.
We subsequently examined the ability of TEN2 ± splice insertion (± SS) in the b propeller to induce artificial synapse formation. HEK293 cells expressing these TEN variants were cocultured with primary hippocampal neurons, using HEK293 cells expressing neurexin-1 that is known to induce postsynaptic specializations as a positive control (Figure 6 ). These experiments revealed that while TEN2 ÀSS failed to recruit synaptic markers, TEN2 +SS potently induced postsynaptic GABAergic specializations similar to neurexins (Figure 6 ). TEN2 +SS selectively recruited postsynaptic but not presynaptic markers, consistent with TENs being localized to the presynaptic compartment. Together with our cell adhesion assay results, these findings suggest that TEN alternative splicing regulates binding to different interaction partners and has functional impacts on specific synapse subtypes (Figure 7) .
DISCUSSION
TENs are membrane-attached proteins found in all multicellular organisms. In mammals, TENs are broadly expressed during embryonic development and are essential for mesoderm induction (Lossie et al., 2005; Nakamura et al., 2013; Tucker and Chiquet-Ehrismann, 2006) . By contrast, TENs in adults are primarily expressed in the brain, where they mediate multiple functions in tissue polarity, axon guidance, and synapse formation (Leamey and Sawatari, 2014; Sü dhof, 2017; Woelfle et al., 2016) . Here, we show that the large ECR of TENs has an unusual architecture that shares an unexpected structural homology with bacterial Tc-toxins (Busby et al., 2013; Meusch et al., 2014; Minet and Chiquet-Ehrismann, 2000; Young and Leamey, 2009 ). Interestingly, no similar motif has been reported in any other eukaryotic protein, raising questions about the evolutionary mechanism that transferred the Tc-toxin elements from prokaryotes to eukaryotes and about the physiological role of this unusual cell-adhesion protein.
Recent evidence suggests that the evolution of TEN-like homologs from bacteria to humans might have originated from the incorporation of bacterial polymorphic toxin genes into the genome of choanoflagellates, which were later adopted by higher eukaryotes (Tucker et al., 2012) . Choanoflagellates are eukaryotic unicellular organisms that are often referred to as the origin of multicellularity because their genome contains genes that mediate cell-cell adhesion in metazoans and because several choanoflagellate species form highly ordered multicellular colonies (King, 2004) . In addition to TENs, choanoflagellate genomes also include LPHN-like adhesion GPCR homologs (King et al., 2003) , hinting that the TEN-LPHN trans-cellular interaction may have occurred early in evolution and have contributed to the generation of multicellularity. In this context, it is possible that TEN function diversified through evolution from toxin encapsulation and release to diverse roles in tissue development, embryogenesis, axon guidance, and synapse formation. One notable example to support this notion can be found in the partially encapsulated C-terminal TEN region, which we show here to mediate interactions with LPHNs through their LEC N-terminal domain (Figures 4 and S6) . In contrast to Tc-toxins, the C-terminal region in TEN has to emerge from the barrel in order to be fully accessible for mediating the interactions with its binding partners. This observation, however, does not explain the functional role of the TEN barrel itself, which in bacterial toxins serves as a chamber to protect the producing cell from being exposed to the toxic cargo and also functions as an auto-proteolysis machinery that cleaves and activates the encapsulated toxin (Busby et al., 2013; Meusch et al., 2014) . The possibility that the barrel of TEN species encompasses an active auto-protease machinery is exciting because of the similarity with the presumably cleaved domain with HNH-DNases, pre-pro-hormones, and neuropeptide precursors (Figure 3 (legend continued on next page) et al., 2006) . Moreover, such an auto-proteolysis event may release the toxin-like region into the extracellular space and convert TEN into a diffusible ligand that may act during axonal pathfinding. This might give the TEN barrel a possible catalytic role in modulating the integrity of the encapsulated aspartate protease, but it also suggests a role as a shield, protecting the protease-sensitive cargo from the protease-enriched extracellular environment.
Alternative splicing in proteins is an important mechanism to greatly expand the functional capacity of metazoan genomes, and its regulatory role in brain function has been repeatedly demonstrated. For instance, DSCAMs (Down syndrome cell adhesion molecule), protocadherins, calcium channels, neurexins, and neuroligins have been shown to use alternative splicing for diversifying their functions (Aoto et al., 2013; Fuccillo et al., 2015; Irimia et al., 2014; Thalhammer et al., 2017) . Similarly, the divergence of TENs from their bacterial toxin ancestors is associated with the emergence of spliced isoforms. TENs are alternatively spliced at two canonical sites that are localized to the ECR and include 9-and 7-amino-acid insertions at the EGF repeats and the b propeller regions, respectively (Tucker et al., 2001) . Here, we show that alternative splicing within the b propeller domain acts as a switch to regulate selective binding of TEN2 to adhesion partners, thus controlling the cellular functions TENs perform. The TEN variant that includes the insertion was unable to mediate trans-cellular adhesion with full-length LPHN presented on the neighboring cell, whereas the variant without the insertion interacted with LPHN with high affinity. The alternatively spliced site, however, localizes at least 8 nm away from the LECbinding site (Figures 4 and S6 ) and is thus unlikely to participate (B) Neither WTÀSS nor WT+SS induced excitatory postsynaptic specialization. Artificial synapse-formation assay was performed as in (A), except that immunocytochemistry for Flag (blue) and PSD95 (red) was performed (n = 2 independent replicates with 15 cells per replicate**p < 0.01; ***p < 0.001 by ANOVA; scale bar, 10 mm). (C) Neither WTÀSS nor WT+SS induced presynaptic specialization. Artificial synapse-formation assay was performed similar to (A), with immunocytochemistry for Flag (blue), vGlut1 (purple), and vGAT (red). Nlgn1 was used as a positive control (n = 2 independent replicates with 10 cells per replicate**p < 0.01 by ANOVA; scale bar, 10 mm). Significance between experimental groups is marked with asterisks, *p % 0.05; **p % 0.01; ***p % 0.001. The model depicts how alternative splicing acts as a molecular switch to determine which adhesion partner TEN2 binds to and, accordingly, which cellular functions TEN2 mediates. Left: TEN2 variant lacking the b propeller splice insert is able to mediate trans-cellular interaction with LPHN and modulate cAMP levels in the neighbor cell. Right: TEN2 variant including the splice insert is unable to interact with LPHN and instead induces postsynaptic differentiation in inhibitory synapses by interacting with an unknown partner. The left and right sides of the TEN2 dimer represent various cell-cell junctions and inhibitory synapses, respectively. Model drawn to scale. The LPHN structure is based on the GAIN and HormR domain structure (PDB: 4DLQ, colored orange and teal, respectively), lectin and olfactomedin domain structure (PDB: 5AFB, colored light pink and violet, respectively), and the modeled TM domain using the corticotrophin-releasing hormone-receptor structure (PDB: 4K5Y, dark gray).
in any interactions with the LPHN LEC domain. These observations suggest that alternative splicing may facilitate a conformational change of the entire ECR that renders the LPHN-binding site inaccessible to the full-length LPHN on the neighboring cell (Figure 7) . It is also possible that additional domains in LPHN, localized remotely from the binding interface, contribute to their binding to TENs while mediating their cell-cell adhesion properties.
As TENs play key roles in numerous functions, from tissue development and embryogenesis to axon guidance and synapse formation, it is likely that different splice variants have different roles during development (Figure 7) . Here, we found that the TEN2 variant interacting with LPHNs can modulate cAMP levels in cells expressing LPHN, suggesting that TEN activates LPHN in a trans-cellular manner ( Figure 4D ). Similar to TENs, LPHNs are also conserved between vertebrates and invertebrates, have broad expression patterns, and are involved in embryogenesis (Langenhan et al., 2009; Mü ller et al., 2015; Scholz et al., 2015) . In both C. elegans and Drosophila, LPHN was suggested to act in development by modulating cAMP levels (Scholz et al., 2017; Winkler and Prö mel, 2016) . Considering that cAMP regulates diverse cellular functions including migration, adhesion, and differentiation, our results suggest a role for the TEN-LPHN interaction and the subsequent modulation of cAMP levels in various contexts, including development.
Unexpectedly, we found that the TEN2 splice variant that is incapable of interacting with LPHN is a potent inducer of inhibitory synapses, indicating that it has functional impact on specific synapse subtypes through interactions with alternative binding partners that remain to be discovered (Figures 6 and 7) . Specifically, the TEN2 variant including the b propeller splice site induced inhibitory postsynaptic differentiation, suggesting a LPHN-independent role for TEN in synapse formation. We did not detect induction of excitatory presynaptic specialization by splice isoforms of TEN, possibly because unknown co-factors may be required for excitatory but not inhibitory synapse formation. Although it has been suggested that homotypic binding of TENs in trans may contribute to synapse formation and/or axonal pathfinding (Hong et al., 2012; Mosca et al., 2012) , our cell aggregation assays did not detect robust homotypic trans-cellular interactions between various TEN2 splice variants ( Figure S7G ) (Boucard et al., 2014) . At present we cannot exclude potential low-affinity homotypic interactions between TENs, but it is difficult to envision how low-affinity homotypic interactions between TENs could physiologically compete with the high-affinity TEN-LPHN interaction, given the universal expression of these protein partners in all neurons (although in distinct developmental and isoform-specific patterns). A heterotypic role for TENs is also suggested by the fact that they only induced post-but not presynaptic specializations in the synapse-formation assay (Figure 6) . Overall, our results reveal that alternative splicing of TENs may serve as a general principle to regulate their diverse interactions with multiple adhesion partners, giving rise to the multifaceted roles they play. Future studies investigating developmental and spatial patterns of alternative splicing, as well as regulation by extrinsic factors such as neuronal activity, will generate important insights into the regulation of synapse formation and specification as well as embryogenesis and tissue development by TENs. As these investigations intensify, the structure of TEN2 described here will form the structural framework to start delineating the diverse mechanisms of TEN function.
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METHOD DETAILS Cloning and expression in insect cells
Various ECR constructs of human TEN2 (TEN) variant Lasso (including no splice site in propeller or EGF repeats) (UniProt: Q9NT68-2) and LPHN (LPHN1, UniProt: O88917; LPHN3, UniProt: Q9HAR2) were cloned into a pAcGP67a vector and expressed in High-Five insect cells using the baculovirus expression system as previously described (Araç et al., 2012) . For the structural studies, TEN ECR (residues N456-R2648) and TEN ECRD1 (residues T727-R2648) were cloned with N-terminal 8XHis-DesG-tags (Skinner et al., 2014) . 72 hr after viral infection of High-Five cells, the medium containing secreted glycosylated proteins was collected and centrifuged at 900 g for 15 min at room temperature. After centrifugation, the supernatant was transferred into a beaker. The following were added to the supernatant (to final concentrations): 50 mM Tris pH 8.0, 5 mM CaCl 2 and 1 mM NiCl 2 and stirred for 30 min. After centrifugation at 8,000 g for 30 min, the supernatant was collected and incubated with nickel-nitrilotriacetic agarose resin (QIAGEN) for 3 hr at room temperature. The resin was transferred to a glass Buchner funnel and rinsed with HBS buffer containing 20 mM imidazole, then transferred to a poly-prep chromatography column (Bio-rad). Target protein was eluted with HBS buffer containing 200 mM imidazole and then applied to size-exclusion chromatography (Superdex 200 10/300 GL; GE Healthcare), purified in a final buffer comprised of 10 mM Tris pH 8.5, 150 mM NaCl. The peak fractions were pooled for further analysis. For the flow cytometry assays, LPHN1 lectin (residues S26-Y131) and LPHN3 lectin (residues S21-Y126) were cloned with carboxyl-terminal 6XHis-AVI-tags and purified as described above.
Cloning and expression in mammalian cells
Full-length TEN (residues M1-R2648), ECRD5 (residues M1-E2384) and ECRD4,5 (residues M1-F1454) constructs and other TEN mutants bearing HA-tag (inserted between K405/E406) and FLAG-tag at the carboxyl-terminus were cloned into a pcDNA3.1 vector for cell-surface expression assays and flow cytometry binding assays in HEK293T cells. TEN mutants were generated with a standard two-step PCR-based strategy. All animal procedures conformed to National Institutes of Health's Guidelines for the Care and Use of Laboratory Animals and were approved by the Stanford University Administrative Panel on Laboratory Animal Care.
On-column biotinylation
His-AVI-tagged lectin was captured on nickel-nitrilotriacetic resin as described above. Following a 20 mM imidazole HBS buffer wash, final concentrations of 50 mM Bicine pH 8.3, 10 mM Mg-acetate, 100 mM NaCl, 10 mM ATP, 0.5 mM biotin and 5 mM BirA were added to the resin, which was then rotated at 27 C for 2 hr. Following incubation, the column was washed with 20 mM imidazole HBS buffer to remove residual BirA and ATP, and then biotinylated lectin was eluted with HBS buffer containing 200 mM imidazole. Purified protein was applied to size-exclusion chromatography as described above. The efficiency of biotinylation was assessed using streptavidin beads.
Flow cytometry HEK293T cells were cultured in 6-well plates in Dulbecco's modified Eagle's medium (DMEM; GIBCO) supplemented with 10% FBS (Sigma), at 37 C in 5% CO 2 . Transfection was performed with cells at 50%-60% confluence. Cells were transiently transfected as follows: Dilute 2 mg cDNA in 50 ml serum-free DMEM. At the same time, dilute 3 ml LipoD293 transfection reagent with 47 ml serum-free DMEM. Add diluted LipoD293 to diluted cDNA and incubate the mixture for approximately 10 min. Then, gently add the transfection complex mixture dropwise to each well. After 48 hr incubation, the cells were detached using citric saline solution (135 mM KCl, 50 mM sodium citrate) and washed with PBS + 2% BSA. To test cell-surface expression of FLAG/HA-tagged TEN, cells were stained with a primary antibody mixture: mouse anti-FLAG M2 1:1000 and rabbit anti-HA 1:1000 for 30 min at room temperature. After wash with PBS + 2% BSA, cells were incubated with a secondary antibody mixture: donkey anti-mouse Alexa Fluor 488 1:3000 and goat anti-rabbit Alexa Fluor 647 1:3000 for 30 min. After washing, cell pellets were resuspended in PBS + 2% BSA immediately before flow cytometry acquisition using an Accuri C6 flow cytometer (BD). Acquired data was analyzed using the FlowJo analysis software (FlowJo LLC).
For the binding assays, 100 nM biotinylated lectin was tetramerized and fluorescently labeled through incubation with NeutrAvidin DyLight 650 on ice for 20 min. Cultured cells expressing FLAG-tagged TEN were detached using citric saline solution and then washed as described above. Next, the cells were stained with mouse anti-FLAG M2 1:1000 antibody and, following two wash cycles, stained with donkey anti-mouse Alexa Fluor 488 antibody in the presence of the labeled lectin mixture. Similarly, rabbit anti-HA, goat anti-rabbit Alexa Fluor 647, and NAV488-lectin were used to test the expression of HA-tagged TEN in HEK293T cells and its binding with purified lectin.
G protein signaling assay HEK293 cells were grown to 50%-60% confluence in 6-well plates in DMEM + 10% FBS. In-cis signaling assay: cells were co-transfected with 0.35 mg LPHN1/LPHN3 or pCMV5 empty vector; 0.35 mg luciferase reporter plasmid 22F (E2301, Promega; a generous gift from R. Lefkowitz lab); 0.009 mg b2AR, and 0.35 mg TEN or pcDNA3.1 empty vector, using a ratio of 1:4 DNA (mg): Fugene6 (ml) according to the manufacturer's instructions. Following 24 hr incubation in 5% CO 2 incubator, cells were detached and transferred to a 96-well white opaque plate (3917; Corning) at a density of 50,000 cells per well. Cell media was changed to pre-warmed CO 2 -independent Opti-MEM I Reduced-Serum Medium after 24 hr of incubation. The cells were then incubated for another 30 min in CO 2 incubator before equilibrating with Glosensor substrate at 1% final concentration. Basal cAMP signal was measured by detecting luminescence using a Synergy HTX plate reader (BioTek) at 25 C, GAIN 200. b2AR was activated by adding isoproterenol at a final concentration of 50 nM. Kinetic measurements of luminescence were done at 5 min intervals immediately after activation. In-trans signaling assay: HEK293 cells were similarly prepared while a second set of cells were transfected with 0.35 mg TEN or pcDNA3.1 empty vector. Following 24 hr incubation, the two sets of cells were detached, mixed at a 1:1 ratio, and then transferred to a 96-well white opaque plate. After an additional 24 hr incubation, the signal was recorded similarly to the in-cis method.
Cell aggregation assays
FreeStyle HEK293 cells (Life Technologies) grown to a density of 1x106 cells/mL in a 30mL volume were co-transfected with 30 mg of either pCMV-Emerald or pCMV-tdTomato and 30 mg of the indicated construct using a FreeStyle Max reagent (Life Technologies). All cDNAs were encoded in the pCMV5 vector. FreeStyle HEK293 cells were grown at 37 C/8%CO2 with shaking at 125rpms. Transfected cells were mixed in non-coated 12 well plates at a 1:1 ratio two days post-transfection and subsequently incubated for an additional 2 hours. Live cells were imaged in 12 well plates using a Nikon A1 confocal microscope. Aggregation index was calculated as previously described (Boucard et al., 2014) .
Artificial synapse formation assays Expression vectors were transfected into HEK293 cells. 24 hr later, HEK293T cells were co-cultured with cultured cortical neurons (DIV16) from neonatal mice at P0. After 24 hr, cells were fixed with 4% PFA and immunostained with mouse or rabbit anti-Flag (Sigma; 1:1000 both) together with mouse anti-PSD95 (Sysy; 1:500), mouse anti-GABAA g2 (Sysy; 1:500), or guinea pig anti-vGlut1 (Millipore; 1:500) and mouse anti-vGAT (Sysy; 1:500) respectively. Species-specific AlexaFluor-405-, À546-, and À633-conjugated antibodies (Invitrogen) were used as secondary antibodies. Images were collected with a Nikon A1 confocal microscope using a 60x objective. The quantification of the artificial synapse formation assay results was performed as follows. The fluorescent intensities of the Flagtagged proteins expressed in the HEK293T cells (e.g., TENs, Nlg1, Nrn1b) and that of the synaptic markers that were recruited to the surface of the HEK293T cells (e.g., GABAg2, PSD95, vGlut, vGAT) were quantified using ImageJ. Normalized values equal the fluorescent intensity of the synaptic marker that was examined (GABAg2/PSD95/vGlut1/vGAT) / the fluorescent intensity of the Flag-tagged protein expressed in the HEK cells (TENs/Nlg1/Nrn1b). modulation transfer function (MTF) of the K2 summit direct detector and then sharpened by applying a temperature factor that was estimated using post-processing in RELION. Local resolution was determined using ResMap (Kucukelbir et al., 2014) with half-reconstructions as input maps.
Model building and refinement An initial template of TEN-main domain (domain 4) was derived from a homology-based model calculated by SWISS model builder (Biasini et al., 2014) . The model was docked into the EM density map using Chimera (Pettersen et al., 2004) and then manually adjusted and real-space refined to fit the density using COOT (Emsley et al., 2010) . The Ig-like domain (ECR2) and ECR5 were manually traced. The final model was subjected to global refinement and minimization in real space using the phenix_real_space_refine module in Phenix . FSC curves were calculated between the resulting model and the half map used for refinement as well as between the resulting model and the other half map for cross-validation using Phenix M-triage ( Figure S2 ). The final refinement statistics are provided in Table S1 .
QUANTIFICATION AND STATISTICAL ANALYSIS
Error bars in Figure 4 , 5, 6 and Figure S7 represent means ± SEM. Each measurement was repeated at least three times independently. Data was analyzed using software GraphPad Prism and ImageJ.
See ''Methods Details'' for details on cryo-EM analysis. (E) Superposition of TEN2 Tox-HNH like region (magenta) with Geobacillus virus E2 (GVE2, blue) and Bacillus virus SPO1 (I-HmuI, yellow) HNH endonucleases (PDB IDs 5h0m and 1u3e, respectively) indicates great similarity in ternary structure arrangement of the catalytic pocket. The TEN2 a-helical region corresponding to residues 2560-2590 is also similar to the DNA binding region (DB region I) of GVE2, but lacks the second DNA binding region (DB region II).
DATA AND SOFTWARE AVAILABILITY
(F-H) Comparison of the TEN2 (F) and the two DNases (G-H) catalytic regions indicates that despite the similar fold, TEN2 lacks that HNH catalytic pocket residues which were found to mediate the DNase activity.
(I) Sequence alignment of TENs 1-4 with GVE2 and I-HmuI indicates high secondary structure conservation with low sequence similarity (helices are indicated as magenta boxes, b sheets as yellow arrows). HNH motif residues are highlighted in blue with residues conserved in TENs and DNases marked by **, and in DNases only by *. A furin cleavage site is present upstream to the nuclease region in both GVE2 and TENs (RTRR motive, orange). In the phage nuclease furin cleavage is necessary to activate the catalytic activity. 
